Abstract-As turning operation proceeds on a lathe machine, it is required that sufficiently good surface quality be achieved if all the affecting parameters, including tool geometry are held constant. In this paper, the effect of tool geometry variation due to wear in the case of C6 cemented carbide tool on AISI 4340, was studied. Using surface roughness as yardstick for estimating the point beyond which the maximum economic utilization derivable from the tool is hampered, it was realized that each insert should be replaced after ten minutes of turning operation to retain their optimum usefulness. The tool wear parameters were found to be in linear relationship with the cutting time, while the average surface roughness was modelled nonlinearly using an exponential function. A fourth degree polynomial approximated the trend for the cutting force. Sharp deflections were observed on the surface roughness and cutting force graphs after the tenth minute. Generally for the entire cutting time, the measured cutting force increased by about 33% while the flank wear width and crater wear width increased by 170% and 56% respectively. Surface roughness also increased by about 130%.
Introduction
Modern manufacturing technologies calls for simultaneous improvement in control of dimensional accuracy and surface textures of machined work pieces. Surface roughness specification is often necessary on several parts to properly fulfil their required functions. For example, fatigue life, bearing properties, and wear are three major factors that make the control of surface texture important. The basic objective of finish turning of hard metals is the achievement of the best surface quality possible at the most optimal and economic tool [1, 2, 3, 4] .
While the surface roughness obtained from machining the workpiece on a lathe is dependent on the workpiece material and its hardness, it is also influenced by the cutting tool material used, cutting speed, feed rate and the tool geometry (particularly, tool nose radius), the rigidity of the machine and the tool, as well as, the type and effectiveness of the cutting fluid used [5] .
AISI 4340 belongs to a family of steel alloys classified as low-alloy steel, it is also refractory steel or heat resistant steel because it possess tremendous potentials for high temperature services like other refractory metals and alloys such as; Columbium, Tantalum, Tungsten, Molybdenum and so on. Finish turning process of AISI 4340 is gaining popularity because of increasing application of refractory and high hardness material. For example, hardened AISI 4340 is employed in constructing aircraft and automobile engine and transmission components. These includes; gears, cam shafts, axles and bearings. It is also employed in constructing tools, dies and molds for manufacturing operations [6, 7, 8, 9] .
The economic benefits of the turning process over grinding process as finishing operation is substantial and includes; reduced cost, reduced machining time, process flexibility, reduced energy consumption, good prospect for dry machining (which is good for reduction of environmental pollution), high material removal rate, better compatibility with thin wall sections and complex shapes, and comparable surface finish [6, 9, 10] . Taking advantage of this benefits is possible because of the availability of superior cutting tools [1, 11] .
Refractory metals are usually more brittle and abrasive at room temperature [12] , therefore their machining often result in more rapid tool wear and relatively shorter tool life. The exceptional tool performance of cemented carbide results from their high hardness and compressive strength. For example, the lowest hardness of cemented carbide is known to be approximately the same as the highest hardness available in tool steel [5] . Carbide tools are also capable of sustaining or retaining their properties at high temperatures, in fact, repeated cycling between high and low temperatures or sustained holding at high temperature has no tempering effect on the tool within its characteristic temperature range. The tool regains its original hardness when it returns to room temperature. It functions more efficiently at high speed but requires a lot of rigidity from the machine tool [6, 10, 13 ].
Failure and wear of cemented carbide tools
Single point carbide tools are generally preferred for high volume production machining even though they are susceptible to failure and wear, especially due to their brittle nature. Cemented carbide tools are largely used as cutting tool inserts. Such inserts interacts with chips and workpiece during cutting as shown in Figure 1 thereby resulting in the degradation of the tool. The failure of cemented carbide tools can be classified into the following two categories; failure mechanisms that brings the life of the cutting tool to an abrupt or premature end, and gradual tool wear that progressively develops on the tool flank surface (flank wear) or on the tool rake (crater wear) [1, 2, 5] . Tool failure is associated with breakdown of the cutting edge of the tool as a result of its direct contact with the workpiece. Wear could occur in these three main regions on the tool; face, flank and nose.
The wear that occurs on the tool surface over which the chip passes takes the form of a cavity and is called crater wear. Its origin is usually a distance from the cutting edge. It is the most prominent form of tool wear. The flank is the portion of the tool that is in contact with the work at the point of chip separation. Flank wear usually begins at the cutting edge and grows into a wider contact area called wearland. The surfaces that are susceptible to tool wear during machining on a lathe are shown in Figure 2 . The nose wear is considered as part of the flank wear in many cases. Moreover, in operations like finish turning where the nose is in direct contact with the workpiece it is considered as a separate form of tool wear. At very high cutting conditions, as is frequently employed for cemented carbide cutting tools, the life of the tool is often determined by crater wear. If crater and flank wear occur concurrently in a balanced pattern, the tool geometry and life can be prolonged [14] . The intrinsic brittleness of cemented carbide tools make them quite susceptible to fracture and built-upedge phenomenon being usually made with intricate geometries. Therefore, little wear affects the stability of the built-up-edge which in turn affects the surface quality and degrades efficient cutting before catastrophic failure [12] .
Surface quality as criterion for determining tool failure
Surface roughness has been the prime criterion for surface quality and a guide for acceptable fatigue strength [5] . The ideal surface roughness usually represents the best possible finishing which may be obtained for a given tool shape and feed [12] . A specified surface roughness or a desired tolerance could be used to determine or rate the acceptability of a machined workpiece. This could however be related to the level or rate of wear of the tool used if builtup-edge, chatter, inaccuracies in machine tool movement and other negative factors are eliminated.
When the good surface roughness quality is the primary goal, the tool would be said to be worn-out when the desired surface roughness can no longer be achieved with the cutting tool. It is therefore highly desirable to put the cutting tool to optimum use to reduce machining cost.
Cutting force measurements has been employed in many documented works for tool condition monitoring [4, 15, 16] .
Recent works has shown that good prospect exist for this when combined with monitoring of other parameters like acoustic emission and vibration magnitude measurements [4, 17, 18] . Cutting force measurements in this work has been employed as a tool to confirm the point of optimal economic utilization of the tool.
Cutting tool economic life
Prediction of tool life during machining is essential for cutting tool design and in determination of cutting conditions and tool change strategies. It is necessary to achieve an optimized metal cutting process in which there is balance of resources. Moreover, tool wear is an unavoidable consequence of the metal cutting operation, therefore the cutting tool wear is an important factor in the economic analysis of the operation. Tool wear and its retardation have a direct relationship with the attainment of several machining optimization criteria such as minimum cost, maximum production rate and maximum profit. Catastrophic tool failure should be avoided in turning process to eliminate its associated damages to the workpiece, cutting tool and the machine tool [2, 11] . Hence, estimation of the useful life of cutting tools is essential in finish turning process.
Usually, the tool life between tool re-sharpening or replacement is specified in one of the following ways:
1. Actual cutting time to failure, 2. Total time to failure -as with interrupted cutting process, for example, milling, 3. Length of work cut to failure, 4. Volume of metal removal to failure, 5. Number of components produced to failure, and 6. Cutting speed for a given time to failure.
Meanwhile, a cutting tool is taken to have failed when it is no longer capable of producing parts or workpieces within the required specifications. This is with little regard to the tool having justified cost before being regarded as having failed, especially for expensive tools like the carbide tools.
The point of failure and the amount of wear that caused the failure depends on the machining objective, thus, surface quality, dimensional stability, cutting forces and production rates are often used individually or in combination as criteria for establishing the point of tool failure [4, 11] . The machining cost increases due to increase in the number of operations involved.
It is however pertinent that tools be changed just when they attain an appropriate wear level to maintain the required level of surface finish. This must be done in a way that it result in reduced tool change time, loss in production time due to stoppage, as well as the overall machining cost. It is a general rule that on the production run, the higher cost of carbide tooling pays dividends, while on the short run, it may not be justified [4] .
A cutting tool would be said to be worn-out at the point when it can no longer be used to obtain the surface roughness specification required. Cost of machining increases with decrease in surface roughness of the machined product. The acceptable level of surface roughness is relative, therefore the focus of this work is to estimate the optimum life of the carbide tool employed in machining AISI 4340 workpiece in minutes.
Materials and Method
The finish turning experiment was performed using a three jawed self-centering Cholchester center lathe machine. The workpiece material was AISI 4340 steel with an initial diameter of 93.98 mm. the square shaped carbide tool used belonged to the ANSI classification of general purpose cutting tool, C6 with ISO equivalent P30. All the cutting parameters were held constant during the experiment. C6 is recommended by the American Society for Metals (ASM) for working on steel materials whose Brinnel hardness number reaches BHN 330 [5, 9, 19, 20] The surface roughness, maximum flank wear width and maximum crater wear width were measured after every sixty seconds cutting time using the toolmaker's microscope. The microscope was set to magnification factor x125 and x200 since it had the capacity of serving as a comparator whereby views could be superimposed. Kistler's three component piezo-electric dynamometer mounted on the cross-slide of the lathe machine was used for the cutting force measurement. Measurements were made and recorded for twenty cutting operations (that is, twenty minute total cutting time and one minute for each cutting operation).
After the 13 th minute, the cutting process started getting noisy having reached the galling stage where the material particles were welded to the machine surface signaling an onset of critical tool wear. When working on AISI 4340 steel, C6 is not recommended for more than 3 mm depth of cut [20] . The chemical composition of the work material is presented in Table 3 . 
Results and Discussion

Statistical analysis
Significant impact of cutting speed, feed rate and depth of cut on the surface roughness and tool wear during turning process has been established in previous works [3, 12, 19, 21 -23] . These parameters were held constant in this work to enable a relationship to be established between the rate of tool wear, cutting force and workpiece surface roughness.
Mathematical model relating the parameters were obtained using regression analysis in MINITAB 14 and Microsoft Excel 2007 with the Solver tool. The relationship between the cutting parameters is as given in Equation 1.
( 1) where S represents workpiece surface roughness measurements in millimeters, F represents the average resultant cutting force measured in Newtons, VB represents flank wear measured in millimeters and KT represents the crater wear measured in millimeters as well. A summary of the regression statistical output is presented in Table 4 and 5. Number of observations 20 Equation 2 is computed from coefficients in Table 5 , while a graph comparing the measured and predicted surface roughness measurement is presented in Figure 3 . Residuals resulting from the comparison in Figure 3 are shown in Figure 4 . Except for the first cutting operation where the residual was large the others were within a arrange of about .
(2) Figure 5 presents an exponential trend relationship between the surface roughness of the machined workpiece and the cutting time. The trend is also mathematically by . The curve began to deflect upwards around the tenth minute signifying a sharp increase in the rate of change of the surface roughness from the eleventh minute onwards. The surface roughness of a work material primarily depends on the feed and cutting tool geometry, but since a constant feed was used in this experiment, the change in the geometry of the tool as a result of wear must be responsible for the change in the surface roughness of the work material. Consequently, if surface roughness is considered as the primary factor in assessing the tool life in this experiment it would be economical to have changed the cutting tool at the tenth minute of the cutting operation even though it was yet far from the maximum permissible wear values prescribed in standards.
Surface roughness
Flank and crater wear
Flank and crater wear progressed in linear trends as shown in Figure 6 . The pattern and range of values are normal and expected. Moreover, the ratio of the highest value measured for the maximum flank wear width to the lowest was about 2.75, while the flank wear grew at a rate of about 0.0014 mm/min. The ratio of the highest value measured for crater wear to the lowest was about 1.56 and the wear parameter grew at a rate of 0.005 mm/min. When the cutting edge of the carbide tool insert used was compared with the cutting edge of a new tool under the toolmaker's microscope, a maximum flank wear depth of 0.013mm and a maximum crater wear depth of 0.01mm was revealed in the used tool, this shows a ratio of 1:3 in favour of the flank wear.
The maximum flank wear and the maximum crater wear measured were however found to be significantly less than the stipulated maximum permissible wear of 0.55mm and 0.25mm respectively [11, 22, 24] but the rate of surface degradation started to get serious at about the 10 th minute of the experiment. Figure 6 also shows that crater wear was more dominant. This signifies that the principal tool wear process was diffusion between the cutting tool and the chips. Composition of the carbide tools has been known to make them readily predisposed to diffusion wear [1, 2, 19, 22] .
Moreover, this is corroborated by Zhang and others [25] as well as Aslantas and others [1] in their work which made case for coated ceramic tool inserts. Chemical reactions (related to diffusion wear) and high temperature (due to low thermal conductivity of the cutting tool) combined with high stress values in the cutting region combined to give rise to the crater wear formation [11] . With further deterioration, the crater wear reaches the tool tip and fracture occurs, thereby modifying the tool geometry as shown in Figure 7 . 
Cutting Force
Although the trend for the cutting force could best be modelled with a fourth degree polynomial given by, (3) as shown in Figure 8 . Its increase can be said to approximately correlate with the increase in surface roughness of the workpiece linearly as shown in Figure 9 . This was achieved with a coefficient of determination, of 0.9644. The prominence of the second turning point which occurred at about the 11 th minute also approximately agree with the observation of 10 th minute turning point in Figure 5 . 
Conclusion
In-process tool monitoring and measurement has been employed in determining the optimal economic life of the cemented carbide tool turning AISI4340. The trend for the increase in the flank and crater wear was linear while the trend for the surface roughness followed an exponential growth in conformity with documented patterns in the literature. The workpiece surface roughness was found to deteriorate beyond acceptable level after the 10 th minute of the turning process.
